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Introduction
The research and development of lithium ion batteries (LIBs) is indispensable for the application in not only mobile electronic devices but also large-scale devices, such as electric vehicles [1] [2] [3] [4] [5] . Many of current research activities to explore LIBs have focused on developing cathode materials that possess high energy density, high reversible capacity and stability. Among the well-known cathode materials, the layered transition metal oxides (TMO) LiNi x Mn y Co z O 2 (NMC, x+y+z = 1) is considered as a promising candidate owing to its high energy density (> 200 mA h g -1 ) [6] [7] [8] [9] . The Li + /Ni 2+ exchange usually happens in NMC materials, referring to an antisite defect in which a Li + resides on Ni 2+ site (3b) and vice versa, a Ni 2+ occupies Li + site (3a). Obviously, the Li/Ni exchange will change the local structure of Li ion and consequently affect the electrochemical performance of NMC as cathode materials.
For instance, it is argued that the Li/Ni exchange is detrimental to Li-ion diffusion due to narrowed layer space [10] [11] . Moreover, the existence of Li/Ni exchange might cause damage to the thermal stability and induce strong distortion force, which could result in irreversible crystal structure transformation and the degradation of rate performance [12] [13] . On the other side, some degree of cation disorder is considered as advantageous factors since it can mitigate the slab-distance concentration at high states of charge and deliver beneficial materials properties upon charge/discharge [14] .
Insight into the variation of Li/Ni exchange ratio vs. different TMs mole fraction is important for tuning the performance of NMC cathode materials. Few different experimental approaches have been applied to probe antisite defect in layered LiNi x Mn y Co z O 2 , such as xray powder diffraction and scanning transmission electron microscope [11] [12] [15] [16] . However, it is nontrivial to obtain precisely structural information of Li-contained cathode material because the accuracy of measurement is largely dependent on the sensitivity of probes. Since a lithium atom has only three electrons, the cross sections of x-ray and electron scattering on Li atom are relatively small. In contrast, neutron diffraction is the method of choice to determine accurately the crystal and magnetic state of Li-contained material due to its high sensitivity to nuclei of lithium and magnetic moment as well. Furthermore, neutron diffraction also possesses the ability to tell the differences between Ni, Mn and Co since the neutron scattering lengths of these transition metals are very different. In order to gain a deep understanding of the origin and the effect of Li/Ni exchange in LiNi x Mn y Co z O 2 materials with various compositions, neutron powder diffraction experiments at different temperatures on LiNi x Mn y Co z O 2 cathode materials are imperative.
As a common feature in structural lattice, the Li/Ni exchange was previously reported in many LiNi x Mn y Co z O 2 compounds and it varies depending mainly on the mole fraction of TMs [11] [17] [18] . In NMC, the valence states of TM ions are also complicated because different compositions, charge distribution and electronegativities will result in the appearance of various valence states for TMs, e.g. Ni 2+ , Ni 3+ , Co 3+ , Co 4+ , Mn 4+ etc. Beside of imperfection in crystal lattice, another prominent structural features in NMC is that the TM spins construct a two-dimensional triangular networks, which can be considered as a simple case of geometrical frustration. As early as 1950, Wannier has studied the antiferromagnetism in triangular spin net theoretically [19] . It was found that the system with Ising spins on a triangular lattice is geometrically frustrated and hardly ordered at low temperatures. Because it is difficult for a geometrically frustrated system to construct a unique ground state with all antiferromagnetic interactions fully satisfied, the high ground-state degeneracy might take place in layered NMC and the long-range ordering of transition metal spins might be suppressed accordingly due to strong magnetic frustration. Combining with low temperature technique, neutron diffraction method can be adopted to probe the long-range magnetic order in NMC down to very low temperature. Indeed, the remaining fluctuations of transition metal spins can also be revealed by neutron diffraction results even if the long-range ordering of TM spins are significantly suppressed [20] . Moreover, the magnetic frustration might lead to nontrivial phenomena through the coupling with other degree of freedom for the relief of magnetic frustration [21] [22] . Therefore, the results from neutron diffraction experiments hold the key to the elucidation of not only the origin of Li/Ni exchange but also the relationship between the Li/Ni exchange and magnetic frustration in layered NMC cathode materials.
Naturally, the magnetic exchange interactions between spins of magnetic ions are of frustrated nature in magnetically frustrated spin systems.
In this work, we show that all investigated LiNi x Mn y Co z O 2 cathode materials with different proportion of transition metal ions exhibit antisite defects, i.e. Li/Ni exchange or cation disorder, in crystal lattice instead of a perfectly ordered crystal lattice. The Li/Ni exchange ratio varies from 1.6(2)% to 6.3(2)% in seven different LiNi x Mn y Co z O 2 materials depending on the concentration of three individual transition metals. By comparison, it was found that increasing Ni and/or Mn contents would promote the formation of Li/Ni exchange, whereas Co has exactly the reverse effect. Given that the magnetic frustration in LiNi x Mn y Co z O 2 is inherent as revealed by combined low temperature neutron diffraction and magnetization measurements, it is speculated that the Li/Ni exchange formed in LiNi x Mn y Co z O 2 is an inevitable way to partially lift spin degeneracy and to relieve magnetic frustration in triangle lattice of TM layers.
Experimental Section

Materials Synthesis
The coprecipitation method was employed to synthesized spherical [Ni x Mn y Co z ](OH) 2 It should be noted that the sintering temperatures are already optimized to get the least Li/Ni exchange ratio for each compounds and it will be presented and discussed in another work.
Structural and Magnetic Properties Characterization:
Neutron powder-diffraction measurements were performed on two neutron diffractometers, i.e. Cu(311) and Ge(311) monochromator were used to produce a monochromatic neutron beam of wavelength 1.5397 Å and 2.0775 Å, respectively. The samples were loaded in a vanadium sample holder and then installed in the liquid helium cryostat that can generate temperature down to 3 K. The neutron powder diffraction data were collected at both 300 and 3 K. At GPPD, samples were loaded in 9.1 mm diameter vanadium cans and neutron diffraction patterns were collected at room temperature with wavelength band from 0.1 to 4.9 Å. It is worth noting that the CSNS is China's first pulsed neutron source and GPPD is the first TOF neutron powder diffractometer at CSNS [23] [24] , which has been constructed very recently. The program FULLPROF [25] was used for the Rietveld refinement of the crystal structures of the compounds. A Quantum Design Physical Property Measurement System (PPMS) was used to characterize the magnetic properties of LiNi x Mn y Co z O 2 powder samples in the temperature range from 2 to 390 K and the magnetic field range from 0 to 5 T. The temperature dependence of magnetization was measured during warming from 2 to 390 K under an applied magnetic field of 1000 Oe.
Results and Discussion
The crystal structure of LiNi x Mn y Co z O 2 can be described as the alternate stacking of Li layers and the layers composed of edge-sharing TMO 6 octahedra as illustrated in Figure 1 (a), thus the crystal electric field generated from six surrounding oxygen ligands will act on the TM ion and remove the energetic degeneracy of the 3d orbitals of TM. Consequently, the splitting of the d-orbitals of TM ions will occur and give rise to two orbital sets, i.e. doubly degenerate e g orbitals and triply degenerate t 2g orbitals (Figure 1(b) ). The e g -electrons with higher energy generally lie close to the Fermi level and have a relatively strong hybridization with neighboring oxygen. Although t 2g -electrons are more localized, they can have a small overlap with the oxygen 2p-states, which will also lead to the superexchange interaction. The sign and the magnitude of superexchange interaction between TM ions largely depend on the orbital character of the localized charge, which can be explained and described in terms of Goodenough-Kanamori-Anderson (GKA) rules [26] [27] [28] . Very recently, theoretical Generally, magnetic materials containing 3d TM ions can achieve long-range magnetic order as magnetic ground state at low temperatures [31] [32] . However, the magnetic ordering in magnetic material can be suppressed to very low temperature when the low energy ground state is frustrated, arising from geometrical constraints or competing exchange interactions [22] [33] . In NMC, the TM spins form a 2D triangular lattice separated by Li layers. This is a typical ingredient for geometrical frustration, since it is not possible to minimize the interaction energy for all pairs of nearest-neighbor spins in magnetic triangular lattice. As shown in Figure 1 connecting parallel spins on each triangle, then we can get a ground state, which is a degenerate manifold. The number of such ground states will increase exponentially with the increase of system size. However, it is in violation of the third law of thermodynamics and gives an finite entropy at absolute zero temperature [19] . Apparently, large ground state degeneracy will suppress the ordering of spins.
In order to confirm our speculation on the existence of strong magnetic frustration and approach the magnetic ground state in NMC compounds, we firstly carried out neutron powder diffraction measurements for (333) at low temperature. Among all NMC compounds, (333) is a simple example to demonstrate the structural and magnetic inhomogeneity as it contains heterovalent ions Ni 2+ , Co 3+ and Mn 4+ with the same contents. Upon cooling down to 3 K, the rhombohedral structure of (333) persists, except the shift of nuclear reflections from low-Q to high-Q region, indicating the shrink of lattice constant as indicated in Figure 2 Figure 2 (e). It is also noticed that the broad diffuse peaks are slightly asymmetric, which is characteristic of a two dimensional short-range order [34] and agrees well with the two dimensional character of NMC materials.
The absent of long-range magnetic order is further confirmed by the magnetization measurements of (333) and (442) as a function of temperature. Figure 3 measured under magnetic field of 0.1 T, respectively. The temperature dependence of the magnetization in these compounds does not exhibit any anomaly instead of a steady and monotonic increase in magnetization with decreasing temperature, suggesting the dominant antiferromagnetic interaction. It is known that the magnetic susceptibility of localized noninteracting magnetic ions in high temperature region can be written as:
are the Curie constant and Curie-Weiss temperature, respectively. As indicated in Figure 3 interactions. In general, the frustration parameter in terms of f = |Θ CW |/T N can be used to evaluate the strengthen of magnetic frustration in magnetic system [33] . Clearly, f > 1 corresponds to frustration and f > 10 are typically taken as empirical evidence of a highly frustrated magnet. Given the fact that the |Θ CW |s are higher than 100 and long-range magnetic order is prevented to below 3 K for both (333) and (442), the frustration parameters of these compounds are estimated to be larger than 30, indicating a strong spin frustrated system. Such strong frustration arise from the competition between local anisotropy and the strong conflicting interactions associated with the moments and structural character of the strongly geometrically frustrated magnets. According to the mean field approximation, it is assumed that each magnetic atom experiences a field proportional to the macroscopic magnetization. If only the nearest-neighbor interactions between TM ions are taken into account, the effective exchange parameter J eff is related to the Curie-Weiss temperature via
where S is the spin quantum number of the TM ion, z = 6 is the number of nearest neighbors [35] . |J eff | is then determined to be around 0.61 meV for (333) if we adopt S = 3/2 as average spin quantum for Ni 2+ (S = 1), Mn 4+ (S = 3/2) and Co 3+ (S = 2) ions.
In spite of the intrinsic spin frustration, the magnetic frustrated system will always find a peculiar way to lift its degeneracy by changing the crystal symmetry accompanied with the generation of non-collinear spin ordering or orbital ordering [36] [37] [38] . As illustrated in Figure   1 (c), the replacement of magnetic Ni 2+ ion by nonmagnetic Li + ion in TM layer of LiNi x Mn y Co z O 2 structure will break the local crystal symmetry, change the exchange interaction, and stabilize the spin state of surrounding TM spins in an antiferromagnetical arrangement on a honeycomb lattice (Situation I in Figure 1(c) ). Consequently, the frustration is relieved accordingly in local region. It is noted that Co 3+ is in low spin state in NMC and of nonmagnetic because of the absence of unpaired electron in the electronic configuration.
Therefore, the appearance of Co 3+ in the triangular lattice hold the similar effect on relief of magnetic frustration as that of nonmagnetic Li + ions (Situation II in Figure 1(c) ). Obviously, In order to validate above speculation that Li/Ni exchange is related to the strength of Subsequently, same procedures for structural refinement are also applied to analyse the neutron powder diffraction data of other compounds, as shown in Figure 4 Table 1 . The Rietveld refinement results of (333), (622), (532), (71515) and (442) are based on the data collected at BT1 (Figure 4 (a)-(e)), while the refinement results of (811), (424216) and (442) are based on the data collected at GPPD (Figure 4 (f)-(h)). Because a wide wavelength band from 0.1 to 4.9 Å is adopted for the measurements at GPPD and the neutron absorption cross section is inversely proportional to the velocity of neutron (so-called "1/v law"), the background of neutron diffraction pattern from GPPD increases gradually with increasing Q, which is in contrast to the flat background obtained from BT1 with constant neutron wavelength. The (442) sample is chosen as proof sample for measurements on both BT1 (Figure 4(e) ) and GPPD (Figure 4(h) ). The structural information of (442), especially the Li/Ni exchange ratio, deduced from these two instruments exhibit excellent agreement, although the lattice parameters are slightly different probably due to the temperature variation.
The detailed results of refinement including atomic positions, thermal parameters and reliability factors for all investigated LiNi x Mn y Co z O 2 compounds are listed in Table S1 and S2 of the Supplemental Information.
The Li/Ni exchange ratio in isostructural NMC compounds varies from 1.6(2)% to As discussed previously, nonmagnetic Co 3+ can act as an ingredient to relieve magnetic frustration by forming a nonmagnetic center on a honeycomb lattice unit so that the surrounding TM spins can be stabilized in an antiferromagnetic arrangement. Because (333) contains the largest amounts of Co 3+ among all NMC compounds, the strength of magnetic frustration in (333) is expected to be the smallest compared with others. In addition, the net magnetization at 2 K are obtained to be 0.5 emu/g for (333), which is half of the net magnetization of (442) obtained under the same magnetic field of 1000 Oe as indicated in Figure 3 (a), reflecting less frustration in (333). According to our previous works [41] [42] , the the Ni 2+ -O 2+ -Ni 2+ is the strongest, followed by Ni 2+ -O 2+ -Mn 4+ interaction with strong strength, whereas the Ni 2+ -O 2+ -Co 3+ is very weak [41] . Therefore, increasing Co 3+ will lead to the suppression of Li/Ni exchange, reflected from the increase in formation energy. It is worthwhile to note that the calculated formation energy of Li/Ni anti-site defect can only exhibit reliability when the spin polarization of Ni, Co and Mn ions is taken into account, indicating the important role of superexchange interaction in Li/Ni disordering in NMC compounds [41] .
Combining neutron diffraction results and our speculation concerning the relationship between Li/Ni exchange ratio and strengthen of magnetic frustration, it can be proposed that superexchange interactions for enhancing structure stability.
Conclusion
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